This paper reviews the development and use of laser Doppler perfusion monitors and imagers. Despite their grea t success and almost universal applicability in microcirculation research, they have had great difficulty in converting to widespread clinical application. The enormous interest in microvascular blood perfusion coupled with the 'ease of use' of the technique has led to 2000+ publications citing its use. However, useful results can only be achieved with an understanding of the basic principles of the instrumentation and its application in the various clinical disciplines. The basic technical background is explored and definitions of blood perfusion and laser Doppler perfusion are established. The calibration method is then described together with potential routes to standardisation. A guide to the limitations in application of the technique gives the user a clear indication of what can be achieved in new studies as well as possible inadequacy in some published investigations. Finally some clinical applications have found acceptability and these will be explored.
INTRODUCTION
The laser Doppler perfusion monitor (LDPM) has been applied to measurements of blood perfusion in the undisturbed microcirculation for almost 20 years. The LDPM has emerged in the absence of any other method to fill the clinical requirements of a sensitive, continuous, non-invasive and real-time method for the measurement of microvascular blood flow. This paper attempts to track its development over the period and describe the definitions, the state of art in LD instrumentation and application, as well as its limitations and future perspectives.
1.1.
Technical development Measurement of the velocity of particles in solution by interpreting the Doppler frequency-shifted light backscattered therefrom was first described by Cummins et al. [1] , only four years after the first working laser was demonstrated by Maiman [2] . Riva et al. [3] were the first to apply this technique to the measurement of red blood cell velocities in their glass tube flow model. However, the birth of laser Doppler blood perfusion measurement in the undisturbed microcirculation must be attributed to an article entitled 'In vivo evaluation of microcirculation by coherent light scattering' by M. D. Stern [4] . The author proposed that when coherent light impinges on the skin, some of it will be scattered by moving red blood cells and some by static tissue. If this light (which is spectrally broadened due to the Doppler-effect) is brought to the surface of a sensitive photodetector, optical beating will produce an audio-frequency photocurrent output. Spectral analysis of the photocurrent produced by backscattered He-Ne red laser light from the fingertip showed a clear difference between normal flow and occlusion of the brachial artery. The feasibility of real-time monitoring was demonstrated using the RMS (root-mean-square) of the photocurrent signal as a flow indicator. This method was shown to be sensitive to the microcirculatory response to temperature, posture, respiratory pattern and emotional stimulation. Furthermore, it was proposed that 'Because it provides information about the flow velocity distribution, it has the potential ability to analyse the distribution of flow in the different microvascular compartments'.
Watkins and Holloway [7] , describing their instrument in more technical detail, identified the modal noise caused by the He-Ne laser as a major developmental problem, and found that measurement was limited to 50% of the observation time. The presence of more than one spectral line in the laser output may cause beat frequencies to occur on the photodiode, similar to those produced by Doppler-shifted light. This problem was overcome by Nilsson et al. [8] who proposed a dual photodetection system in which the noise common to both detectors could be rejected. The Doppler signal is not affected as the photons arriving at each detector are completely independent and random. Later that year Nilsson et al. [9] presented a further development incorporating the signal processor developed by Bonner and Nossal [10] . This remains the only signal processing algorithm with a predominantly theoretical base and has found favour amongst most researchers and manufacturers.
Instruments prototyped by Holloway and Watkins [7] and also Nilsson et al. [9] were soon commercially available. An early comparison by Fischer et al. [11] demonstrated a good correlation between the instruments as well as with microvascular blood flow. Clinical trials were undertaken in ma ny areas and, while good results were often produced, widespread application has eluded the technique. One reason given by clinicians is that the lack of absolute units makes interpretation of the results difficult. However, the measurand (i.e. microvascular blood flow) is poorly predictable at any given tissue site and time. The assessment of sufficiency of perfusion must, therefore, be based on its variation in response to an appropriate physiological stimulus. Furthermore, the clinician is often unaware of limitations of the technique and clear guidance can only be given with reference to individual application areas. Diagnostic differences in microcirculatory response have been consistently reported where a ratiometric (% change) analysis has been employed. This invariably involves the comparison of a stimulated value to a resting level. However, even in this comparison there will be some dependence on spatial variation. This is best dealt with by moving the probe and repeating the experiment a number of times, taking the mean value.
Clinical trials of these improved instruments exposed the problem of motion artefact noise which occurs when the modes in which light passes through the fibre are disturbed by movement of the cable. This phenomenon manifests itself in intensity fluctuations at the photodetector similar to the laser Doppler beat frequency. One analytical study demonstrated that the range of frequencies produced is 0 to 3.5 kHz [12] and the magnitude can be much larger than the perfusion related Doppler signal. This problem was accentuated by the fact that the larger-core fibres translated the movement to the tissue, giving rise to tissue-related Doppler-shifting. Motion artefact noise is dealt with in greater detail in section 3.
The wavelength of the now diodes now commonly used (c.780nm) has the further advantages of deeper penetration and reduced dependence on skin colour. Also, because the absorption of oxidised and deoxygenated haemoglobin is almost equal at this wavelength, any dependence on oxygen saturation is eliminated. The choice of laser wavelengths is confined (largely by commercial availability) to He-Ne red (632.8 nm) and near-infrared laser diodes (780 nm, 810nm). More recently red (670nm) laser diodes which are sufficiently stable have become more accessible. The He-Ne system is important for historical reasons as the first instruments were built using these lasers, however, laser diodes are now used in approximately 95% of instruments being sold. A great part of the literature refers to the He-Ne wavelength and consideration should be given to this fact when comparing results. A greater understanding of both the laser Doppler signal and the associated noise has allowed us to develop instruments which can process the entire bandwidth of interest with excellent signal to noise performance.
Perhaps the most remarkable feature of the microcirculation is its enormous temporal and spatial heterogeneity. This has given rise to the introduction of a multichannel instrument and the Laser Doppler Perfusion Imager (LDPI). The multichannel array provides for the spatial assessment of blood flow without the loss of temporal resolution. This facilitates the continuous and real-time measurements of the effects of vaso-active stimuli in different compartments of the same organ or inter-organ comparisons. It can be particularly useful in disciplines where it is necessary to control the blood supply on a regional basis. One example is the use of pharmaceuticals to restrict the blood supply to the tumoural area without affecting local normal tissue. By simultaneously monitoring the perfusion at micro-regional sites within and in the locus of the tumour during infusion of such agents, immediate information is given as to the selectivity and severity of the drug's effect [e.g. 13]. Similar, but more graphic information may be obtained using the laser Doppler Perfusion Imager [14] where the entire area of interest is visible and blood flow variations are expected to occur over a much longer time course.
Consensus in various application areas should promote the development of the full potential of the laser Doppler technique. It is cost-effective and easy to use. It is possibly this advantage which has paradoxically become a stumbling block to more universal use of the instrument, because it is quite possible to use the instrument with little knowledge of what is being measured and how.
1.2.
Future Objectives Given that absolute measurements of LDP are some way off, the possibility of a Standard Perfusion Unit (SPU) is a useful and attainable interim goal. As it was discussed during EU CA meetings , there are many reasons for desiring such a system, not least being the need for a practical definition laser of Doppler perfusion monitoring. If this unit is accepted then all instruments which can be satisfactorily calibrated to measure in this unit within their linear range belong to a new generation of laser Doppler instruments. Such instruments might be distinguished by a new name, similar to the idea of 'Ultrasound B'. In practice all instruments with a listed probe and appropriate wavelength could be converted to operate according to the new specification. The specification might include additional requirements, such as the registration of the transfer function(s) of individual instrument models, so that these are verified laser Doppler instruments.
Many recent attempts have been made to define blood perfusion (see section 2) and what is measured by LDPM s. The results are inevitably different for earlier schemes because of the approach taken, as are the units one may derive. On the other hand, progress in any form of metrology requires the use of a generally accepted unit in which all such measurements can be expressed. All SI units are arbitrarily chosen or derived from such units. All measurements are subject to distortion by the measuring conditions, even time (e.g. travel on an inter-galactic scale). In the laser Doppler perfusion technique it is difficult to define standard measurement conditions, due to the enormous variations of microvascular architecture, haematocrit and optical properties of the whole range of tissues which can be examined.
However, if one set of standard measurement conditions can be agreed by all parties, then great progress can be made on the comparability of instruments. All instruments calibrated in the same conditions, within the limits of velocities and concentrations over which the instruments are linear, would read the same value when probing exactly the same tissue site at the same time. In other words all calibrated laser Doppler [B] instruments using the same probe configuration and wavelength will have the same response to signals within the linear portion of the instruments' transfer functions. For most purposes this can be deduced from their upper cut -off frequencies.
In the first instance such measurement conditions would have to include a low concentration of red blood cells (RBCs) moving with small velocities (say < 1mm s -1 ), ideally dispersed among a matrix of static-scatterers as described in section 3. It should be possible to determine, both by calculation and direct measurement, the probed volume, the average speed and concentration within it. The laser Doppler instruments should be calibrated to read a prescribed number of Standard Perfusion Units (SPU). To suggest that this would be equivalent to some SI derived unit would belie the complexity of the measuring environment. This unit would however, allow users the confidence of knowing that another instrument would measure the same level in the same circumstances. Of course it is desirable to check the linearity of response of the instruments at a third set-point, where a different concentration, for example, can be used.
Similar calibration of other probe types can be made by assessment of the effect of fibre separation and numerical aperture, from which an appropriate set-point can be established. This common reference is important from a practical point of view, but probes 'looking' at different volumes of tissue can never be directly compared. Clinical groups should agree on a probe type most suitable for their application areas.
Consensus in various application areas should promote the development of the full potential of the laser Doppler technique. A recent consensus review [15] demonstrates that developers working to provide a greater means of comparison of results between active groups, through the establishment of internationally standardised protocols. It is hoped that this will result in more published work which can be clearly reproduced by other workers. It can truly be said that 'We [still] know of no comparable method of demonstrating these microvascular reflexes' [4] .
DEFINITIONS

Monochromatic Light Scattering in Tissue
When laser light impinges on the tissue surface the individual photons migrate through the tissue in a random fashion, the exact statistical pattern of which is determined by the tissue optical properties. At interaction with one or more moving objects such as blood cells, the scattered photons will be shifted in frequency by an amount determined by the scattering angle, the wavelength and the velocity of the scatterer. Typical frequency shifts detected by a laser Doppler perfusion monitor using a wavelength of 780nm in the microcirculation range from 0 -20 kHz [15] . Paradoxically for 633nm the range is smaller, typically 0 -12kHz (ceteris paribus). The apparent contradiction is caused by the deeper vessels probed by the longer wavelength which contain faster flowing blood. If the shifted and unshifted light are allowed to interfere on the surface of a sensitive photodetector, a beat frequency will be produced, the detectable component of which is equal to the difference frequency. It should be noted that although multiple Doppler-shifting can cause much higher difference frequencies to be detected, the individual shifts could be positive or negative.
As the angles are more or less random and a wide range of velocities are present in the microcirculation, a continuous Doppler frequency spectrum is produced. One group [17] have re-interpreted the technique in terms time-varying laser speckle. The speckle pattern is a granular variation of light intensity obtained from any surface, such as the skin, which is rough on a scale comparable with the wavelength of light. The scattering inhomogeneities can be considered as point sources and the small differences in the distances travelled to the detector (eye/photodiode) cause bright or dark speckles to be seen at all points in space. If some of the scatterers are moving a fluctuating speckle pattern will be observed, which fluctuations are related to the velocity of the motion.
Since the tissue volume occupied by moving blood cells is generally small, most photons will not be shifted in frequency before they are backscattered or absorbed. The backscattered and Doppler broadened light carries information about both the speed of the blood cells traversing the scattering volume (frequency broadening) and their concentration (fraction of total photons that is frequency shifted).
Definition of Perfusion
The quantity that is measured in laser Doppler perfusion monitoring and imaging is generally referred to as perfusion. Perfusion is the product of local speed and concentration of blood cells [15] .
2.3.
What is recorded by Laser Doppler Perfusion Monitors? The laser Doppler perfusion monitor records the integrated perfusion within the sampling volume. Due to the nonuniform photon density within the sampling volume, the sensitivity is a function of the local co-ordinates within this volume. The spatial distribution of photons within the sampling volume is described by a weighing factor H(r) dependent on the tissue optical properties at location r and properties of emitted light (wavelength, beam, intensity, diameter and profile. What is recorded by laser Doppler perfusion monitors is thus proposed to be:
where H(r) is a sensitivity weighing function, s(r) is the speed and c(r) is the concentration of blood cells at location r. Integration limits depends on probe design, especially numerical aperture (NA) of detector, emitter-detector distance as well as the optical properties of the tissue under investigation [15] . Numerical values of the median sampling depth for some of the most generally used probes and for various tissues have been presented in the literature [18] . The weighing function H(r) accounts for the local density of photons in tissue that eventually migrate to the photodetector surface and become available for detection but is virtually unrelated to the blood cell distribution [15] .
2.4.
What about Flow and Flux? The terms 'flow' and 'flux' are often used in the context of laser Doppler measurements, but their meanings can be ambiguous. The term (blood) flow is used in a very general way to describe the passage of a quantity (usually unspecified) of blood through the region of interest -but is -thankfully-rarely now used to describe what is measured by a LDPM. The term flux is often used in place of perfusion (particularly in clinical papers) and can be loosely defined as the product of mean blood cell number and speed. From a pure physical point of view these terms are too broad to allow a proper definition. Flow can be particulate, volume or mass and in each case refers to the quantity, which has passed the specified point per unit time. It will have units of number (e.g. of blood cells)/s, l/s, or kg/s. Flux usually indicates particulate flow, but is often used as the shortened form of flux density and in this context has the stricter definition; the rate of flow of a physical quantity through a reference surface (i.e. an area). As such it will have units (e.g. cells m -2 s -1 ).
KNOWN ISSUES
In order to be widely clinically accepted, the Laser-Doppler method of perfusion measurement must be proven to have diagnostic value. This can be achieved as long as the normal action and functions of the microcirculation are not ignored. There are very many parameters, which affect both the actual and measured blood perfusion, which must be borne in mind when using a LDPM. The effects of such parameters must be limited or at least accounted for before the results become useful. It is interesting to note that many of the 'limitations' of the technique described in the literature relate to the physiology and environment of the measuring site rather than the instrument. From this point of view there are two separate issues. Firstly, it is impossible to say what is the 'correct' blood flow for a particular piece of tissue, especially in the skin. Secondly, we do not know the optical properties or microvascular architecture (geometry) a priori. There are, however, a number of specifically technical limitations which are most appropriate to this paper. These include:
• Motion artefact noise The measurand (i.e. microvascular blood flow) is poorly predictable at any given tissue site and time. The assessment of sufficiency of perfusion must, therefore, be based on its variation in response to an appropriate physiological stimulus. Furthermore, the clinician is often unaware of limitations of the technique and clear guidance can only be given with reference to individual application areas (cf. report of the clinical groups). Diagnostic differences in microcirculatory response have been consistently reported where a ratiometric (% change) analysis has been employed. This invariably involves the comparison of a stimulated value to a resting level. However, even in this comparison there will be some dependence on spatial variation. This is best dealt with by moving the probe and repeating the experiment a number of times, taking the mean value.
3.1.
Motion Artefact Clinical trials exposed the problem of motion artefact noise, which occurs when the modes in which light passes through the fibre are disturbed by movement of the cable, resulting in small losses of light from the core into the cladding. It can also occur when the probe head moves relative to the tissue. This phenomenon manifests itself in intensity fluctuations at the photodetector similar to the laser Doppler beat frequency. One analytical study demonstrated that the range of frequencies produced is 0 to 3.5 kHz [29] and the magnitude can be much larger than the perfusion related Doppler signal. This problem was accentuated by the fact that the larger-core fibres translated the movement to the tissue, giving rise to tissue-related Doppler-shifting.
Technological improvements have facilitated the use smaller fibre-optic cables, a wider range of probes encompassing new application areas and less noisy semiconductor laser diodes. This led to an increased number of instruments being made available throughout the '80s. Smaller diameter fibres reduce sensitivity to motion artefact in three ways.
• Firstly the smaller core produces fewer modes.
• Secondly, the optical beating will be more efficient if there is a reduced spread of paths travelled by the light collected.
• Finally, less of the movement will be transmitted to the probe head.
However, it is still desirable to avoid unnecessary movement. Where motion is likely, any averaging of the output such as response time settings should be kept at or below 0.2 S. Longer times would make it difficult to identify artefacts which may manifest as apparent increases in flow. The use of laser diodes in LDPMs was reported by de Mul et al. [30] with the diode laser source and detection integrated in the probe head. This eliminated the need for fibre-optic cables and is insensitive to noise contributions from voluntary motion.
3.2.
Multiple Doppler shifting The majority of applications of the laser Doppler perfusion technique have been in the skin where the blood volume fraction is of the order of 1%. There are many applications [e.g. 31] in which the technique is used to probe internal organs (e.g. liver and kidney) with much higher blood volume fractions and this leads to an increased likelihood that the photons backscattered from these tissues will have been scattered from more than one moving blood cell. In this case some part of the light will have multiple Doppler shifts in frequency. Larger blood volumes may also lead to homodyne mixing because a large proportion of the light will have undergone frequency shifts. As the processor is designed to interpret heterodyne mixing and single Doppler shifting, it may produce an inaccurate result, since its response to such flow will be non-linear. This issue was addressed by Bonner and Nossal [10] . Some processors (e.g. Vasamedics, USA) have attempted to detect and correct for such cases, although the effectiveness of such attempts is not well-tried. In general a degree of scepticism is required in the interpretation of results from such organs until further research is done in this area.
3.3.
Lack of quantitative units and knowledge of depth of measurement: Currently available LDPMs cannot express the measurement in absolute units because of the enormous inter-and intraindividual variation in microvascular architecture, physiology, and optical properties. We expect the maximum sampling depth to be the radius of the hemisphere describing the tissue volume from which returned light is captured. It is difficult, however, to define the measuring volume and the locus of flowing blood within this volume, both of which are specific to the site. As we saw in section 2 there is a dependence between the sensitivity and the position of the moving blood cell. In the present system neither the measuring depth/volume nor the sampling depth/volume are known on-line. At least one of these is a prerequisite for a quantitative perfusion output. It is, of course, possible to calibrate any of the instruments for a particular site on a particular organ, but such a calibration is only valid if the optical properties remain constant -i.e. without moving the probe. In general then, it is best to interpret the results in terms of a ratiometric (% change) analysis -cf. contribution of the clinical group.
One of the major limitations of the laser Doppler perfusion technique is the lack of knowledge of and control over the mean sampling depth (and hence volume) in skin tissue. To measure changes in nutritional blood supply we ideally wish to confine our measurement to the papillary loops, lying underneath the epidermis [32] . The epidermis varies in depth at different areas of skin from 17 -485 µm [33] . Recent attempts to vary the sampling depth have included: varying the distance between the source and the detector on the skin surface [18] .
In the first case variation of the measurand (i.e. RBC flux, and hence volume changes) will vary the sampling depth. Also it relies on short-wavelength lasers which are bulky, expensive and difficult to stabilise [34] . Sampling depth in the second method is also dependent on the scattering properties of the site. Neither of these methods have potential to provide the user with continuous adjustment/assessment of the sampling/measuring depth. Further work is required to address these issues.
Although the depth of measurement is of fundamental importance to any interpretation of results, it is often overlooked because of the difficulty in defining the locus of measurement. In clinical papers it is generally dealt with by saying that the 'laser Doppler perfusion measurements are made within a hemisphere of approximately 1mm radius'. Although this hand-waving statement is in general true, there are two fundamental problems with it. Firstly, the actual depth measured is dependant on the source wavelength and probe used as well as the optical and anatomical properties of the site. Secondly, it is not easy to determine whether the measured perfusion relates to nutritional, thermoregulatory (largely associated with shunting of blood through the arterio-venous anastomoses) or both types of flow.
3.4.
Instrument zero/Biological zero When occluding the blood flow by for instance inflating a pressure cuff positioned around the upper arm while measuring the tissue perfusion in e.g. the forearm skin, the laser Doppler perfusion monitor output signal does not reach the absolute zero level but stabilises at the so called biological zero level. By convention, this biological zero level has generally been taken as the zero perfusion level from which the actual perfusion is calculated. Studies of the origin of this biological zero level, point to the fact that the residual movement of the arrested blood cells constitutes a major component of the biological zero [37] but movements of other aggregates in the tissue matrix may also contribute to a varying degree, depending on the circumstances under which the recordings are performed. Further studies of the origin of the biological zero level recorded under different conditions are needed in order to ascertain its origin. Only when the origin of the biological zero level has been identified, the issue as to whether this biological zero level should or should not be subtracted from the recorded perfusion value in order to give an accurate measure of the tissue perfusion, can be resolved. Since this is a most important practical issue, scientific studies of the biological zero under healthy and pathological conditions are urgently needed. Comment: A better understanding of the origin of the biological zero is of special importance at recordings of low and ischaemic perfusion levels, in which cases the biological zero constitutes a significant fraction of the total laser Doppler perfusion monitor output signal. In these cases the magnitude of the recorded perfusion level and the following therapyrelated decision making may be dependent on whether this biological zero level is subtracted or not from the laser Doppler perfusion monitor output signal. Inflating the pressure cuff as quickly as practicable is recommended to ensure that arterial and venous occlusion occur at approximately the same time so that the blood volume in the tissue is similar to that during normal conditions.
3.5.
Basic Nature of the Microcirculation When using the laser Doppler perfusion monitor, repetitive recordings of skin perfusion generally do not result in identical perfusion values. The technology is therefore often said to be non-reproducible. Recording the mobility of scatterers from a calibration standard or from a physical model with a carefully controlled flow, however, yields highly reproducible results. The non-reproducibility therefore cannot be explained by instrumentation related factors. The tissue perfusion, however, possesses both a temporal and a spatial variation [38, 39] implying that the recorded perfusion values cannot be expected to be constant either in time or space.
3.6.
Temporal Variations The temporal variation is composed partly of a deterministic signal (vasomotion & heart synchronous variation), partly of a non-deterministic signal (slow drifts and stochastic changes). This is the common nature of any tissue perfusion. There is recent evidence that the absence or presence of specific waves in the perfusion signal relates to the influence of a specific disease on the microvascular perfusion [40, 41] . The perfusion signal is, however, non-stationary and spectral analysis must be carried out with this in mind.
3.7.
Tissue Perfusion Heterogeneity The spatial variation is explained by the fact that if the probe is positioned over an area with an underlying small artery, a high perfusion value is generally recorded [42] . If the probe is positioned over an area with only capillary vessels, the signal is normally much smaller. By using the laser Doppler perfusion imager [43] , the spatial perfusion pattern has been proved to be consistent and the spatial variation from a high to a low perfusion area occurs over a scale of typically a few millimetres. In order to be able to record reproducible values at repetitive measurements with the laser Doppler perfusion monitor, the use of an integrating probe [44] is recommended when information about the average perfusion value over a certain tissue area is more important than the very local readings attained by most standard probes.
INSTRUMENTATION
4.1.
Laser Doppler Perfusion Monitor (LDPM) 4.1.1. Basic Configuration A laser Doppler Perfusion Monitor typically comprises a laser (He-Ne or solid state) which delivers the light to the tissue (directly or via a fibre optic probe), a single or a pair of photodetector(s) and an analyzing circuit which provides an electrical output signal that scales linearly with the perfusion. This signal is presented on an analogue or digital display or fed to a pen recorder. The probe of the LDPM device is generally attached to the skin by a double adhesive tape. Most units are portable and can be brought to the patient for bed-side monitoring of tissue perfusion.
Processor and transfer function
Laser Doppler signal processors in commercial instruments all have a linear relationship to blood flow in in vitro models. Where the red He-Ne/diode laser is used the bandwidth is generally chosen to be approx. 12kHz, whereas for the near infrared diode lasers a larger bandwidth is preferred. This is to account for the higher shift frequencies from faster moving RBCs encountered at the larger depths penetrated by NIR light, even though the Doppler equation predicts an inverse relationship between frequency shift and wavelength. The filter characteristics can be verified by sweeping the post-preamplifier input with a frequency generator, from 0 -30kHz. The angle of incidence can be assumed random in a highly scattering medium with RBC's moving in all directions. The transfer function of the processor in general use is described in a rigorous theoretical analysis of Doppler shift scattering from RBC's in tissue by Bonner and Nossal [10] and given as:
where CF is a calibration factor, P( ) ω is the power spectral density of the Doppler shift frequencies ( ω = 2πf) and N( ) ω is the power spectral density of the shot noise at intensity I. The frequency (ω)-weighted filter can be implemented in analogue or digital electronics. The noise correction and normalisation is usually performed after the slope and offset of the noise/intensity relationship are foundo by varying the light intensity backscattered from static objects. The photodetector shot noise has a linear variation with intensity as expected and the correction can be made on-line at all light levels.
Bonner and Nossal showed that it should give an output independently linear with RMS velocity and number of red cells in the measuring volume. This algorithm is preferred by most researchers and manufacturers, partly because of its strong theoretical foundation, but also for its improved sensitivity at low flow rates. The model can be intuitively understood by neglecting noise and normalisation and rewriting the first moment of the power spectral density thus:
where ω , the mean Doppler shift frequency is proportional to the mean velocity and the integral is the sum of the Doppler shifted photons (proportional to the total number of RBC's). Therefore the product is proportional to flow of blood cells. Of course the validity of the latter component is dependent on the assumption that each detected photon has undergone at most one Doppler shift. De Mul et al. [28] and Nilsson et al. [19] have argued that calculation of both the weighted and unweighted moments of the power spectrum can yield the three related parameters; speed, concentration and perfusion. However, it must be kept in mind that the estimation of concentration based on the unweighted first moment is only valid at low concentrations where heterodyne detectio n and single Doppler-shifting predominate.
Other methods of normalisation may be at least as useful. For example some researchers (e.g. de Mul and co -workers) advocate the use of the unweighted moment i.e. 
State of the art
The rapid advance in recent years in the area of microelectronics and fibre optic technology have had a big impact in the field of non-invasive monitoring. In many cases it has brought clinical acceptability to instruments which might otherwise be confined to research. The application of digital technology can enhance the reproducibility and userfriendliness of the instrument. Apart from the inherent flexibility, the main advantage of this technology is the elimination of voltage offsets which plague analogue processing circuitry especially for multiply and differentiate-type operations. Similarly, laser Doppler instruments based on digital technology are available from most manufacturers and many analogue based instruments now use PCs and specific software for convenient presentation of results.
Applications
Toe pressure monitoring has evolved as a good way to assess lower limb ischaemia [53] : the arteries of the lower leg are often calcified in diabetics and ankle blood pressure measurements give falsely high pressures (and skill is needed to use an ultrasound probe to perform the measurement). Toe blood vessels are rarely calcified and the LD technique does not rely on a pulse to operate. Since the procedure is now automated the measurement it is easy for nurses to perform on the ward or in clinic. This cuts out the expense of sending patients to a vascular lab if toe pressure is high and avoids delay in sending them for a more comprehensive assessment if it is low (e.g. < 50mmHg). The toe pressure measurement is performed by placing the cuff on the toe and attaching the laser Doppler probe distal of the cuff. The cuff is first inflated to a pressure well above the systolic blood pressure. The cuff pressure is then deflated linearly until the laser Doppler probe detects the return of blood perfusion. The pressure at the return of the blood perfusion is known as the toe pressure. The results can be presented in a Linear Pressure Deflation (LPD) report.
4.2.
Laser Doppler Perfusion Imaging 4.2.1. Principle The laser Doppler perfusion imager [45] makes possible the creation of a perfusion map of a predetermined tissue area by successively scanning the laser beam from one measurement point to the next while the backscattered Doppler broadened light is detected by a remote photo detector. When a scanning procedure is completed, typically several thousand perfusion values have been collected. These perfusion values together constitute a two-dimensional map of the tissue perfusion and is displayed on a computer monitor. The laser Doppler perfusion imager is a new device and it is currently being tested in many laboratories all over the world. One result of these test procedures points to the fact that more powerful image processing software packages for analysis of the images are required in some applications. In addition, a patient administrative data base that handles the images and makes editing as well as merging of the images with other clinical parameters of interest possible is under development . In order to make these image processing software packages and patient administrative data base more universally adaptable, specifications and conceptual ideas from users of the system in various countries throughout Europe are required.
Applications
Although in its infancy, laser Doppler perfusion imaging has been used to map and evaluate the spatial distribution of tissue blood perfusion in association with the axon reflex [46] , during application of microdialysis [47] and in evaluation of port wine stain perfusion [48] . Other investigators have used the laser Doppler imager to study skin reactions induced by tuberculin [49] as well as hand perfusion in normal subjects and patients suffering from scleroderma [50] . Lam and Ferrell [51] examined the spatial blood perfusion in the rat knee joint capsule whereas Hermansson et al. [52] used laser Doppler perfusion imaging to receive an immediate indication of the perfusion status in the myocardium during by-pass surgery.
More recently manufacturers have reported some success in establishing clinical applications. For example, burn depth assessment. Depth is assessed functionally using a laser Doppler perfusion imager: if perfusion is high (colour coded red), the burn is either superficial or superficial dermal and these will heal without surgery; if perfusion is low (coded blue), the burn is either deep dermal or full thickness and requires a skin graft. The advantage of LDI is that it gives good diagnosis (97% accurate) at day 2 post burn whereas clinical assessment at this time is only 65-75% accurate at day 2. Figure 1 also shows that normal, unburned skin perfusion is low (also blue). However, the surgeon can easily judge what is burned and what isn't by looking at the burn or a colour photograph. With this approach surgery can be avoided in about 20% of mixed depth burns (because clinical assessment often over-estimates burn depth) and surgery can be planned earlier in the remaining patients in this group (especially the 10% for whom burn depth is underestimated). Early surgery avoids the development of infection, improves cosmetics and function, reduces time for patient in hospital and hospital costs. At present many surgeons wait to see which bits are healing and do not operate until after day 10. This is especially true for children and the longer the wait, the greater chance of infection and infected burn wounds will not heal even if they are only superficial dermal.
4.3.
Conclusion Although LD has proven to be an excellent 'stand-alone' tool for microcirculation research, some innovation (e.g. imaging) and combination with other techniques (e.g. toe pressure) has been necessary to establish clinical applications.
